Heavy metal contamination of water bodies presents a severe hazard to public health and environment owing to their accumulation in the food chain as non- biodegradable pollutants and persistence in nature[@b1]. Lead is used as an industrial raw material for electric battery manufacturing, plating, mining, and tanneries[@b2]. Due to its acute and chronic toxic effects in animal and human health, Environmental Protection Agency (EPA) standard for lead in drinking water and wastewater is 0.05 and 0.5 mg L^−1^, respectively[@b3]. However, concentrations of lead ions from 20 to 400 mg L^−1^ have been reported in wastewaters from some of the preceding industrial sources, which is much higher than the prescribed limit by EPA[@b4]. Therefore, its concentration must be carefully controlled and monitored to levels complying with environmental regulations.

To date, numerous methods (e.g. ion exchange, chemical precipitation, membrane technologies, electrochemical treatment, and evaporation) have been developed for removing heavy metals from contaminated water[@b5]. However, most of these methods suffer from some drawbacks, such as energy consumption, high reagent or the disposal of the residual floc residues that cause secondary pollution, and especially are not suitable for low concentrations of dissolved metal(s) ranging between 1 and 50 mg L^−1^ [@b6][@b7]. Biosorption has been portrayed as a promising and eco-safety technique, which allows the levels of hazardous metal pollution to meet the requirement of relevant environmental regulations for various water bodies[@b8]. Recent research focuses on developing novel, effective, low-energy consumption and easy-to-operate biosorbents. Living and dead cells of microorganisms and waste biomaterials from other industries or by-products can be utilized in this manner[@b9]. Although freely cells have better contact with the metal ions, the biomass suspension is normally not used in large-scale biosorption processes. This is because the microbial biomass often requires immobilization to enhance its stability and mechanical strength, which increases the complexity of the operation[@b10]. Although several waste biomaterials show good adsorption efficacy, they require extremely high process temperature levels, which results in extra energy consumption[@b11][@b12]. Thus, different types of biomasses as alternative biosorbents have been proposed to remove heavy metals.

Extracellular polymeric substances (EPS), derived from metabolism of microbial cells in the culture medium. Numerous studies have now shown that carbohydrates and proteins are found to be the major components of EPS and various metallic elements (e.g. Fe, Mg, K, Mn) are present in the EPS as well. EPS was considered as an organic product with mineral cations bound[@b13][@b14]. EPS possess an abundance of negatively charged functional groups, which can react with heavy metals as ligands[@b15]. The properties of EPS are providing unprecedented opportunities for the removal of hazardous metal in highly efficient, non-toxicity, low-energy consumption and easy-to-operate approaches, and various EPS have been exploited for this purpose. According to the previous studies, EPS extracted from different types of bacteria such as *Pseudomonas* sp., *Rhodococcus* sp., *Paenibacillus* sp., *Shewanella* sp., *Desulfovibrio* sp., have presented considerable potential in heavy metal detoxification[@b16][@b17][@b18][@b19][@b20]. However, biosorption efficiency and parameters were of key interest in those studies. The biosorption mechanisms (e.g. complexation, ion exchange, charge neutralization and chelation) of EPS have not been systematically studied in a quantitative way and therefore there were no conclusive conclusions about the main mechanism of heavy metal biosorption in the previous studies. Although biosorption parameters are required for practical application, identification of the major adsorption mechanism is also of great importance, which would facilitate the selection of biosorption materials.

Our previous studies showed that EPS extracted from *Klebsiella* sp. J1, which existed widely in natural water and grain, had emerged as a promising biosorbent for the removal of low concentrations hazardous metals (e.g. Cd^2+^, Cu^2+^, Zn^2+^) in both single and binary metals wastewater systems[@b21][@b22]. It was different from other EPS extracted from different microbial species (e.g. *Paenibacillus polymyxa*, *Rhodococcus erythropolis*) due to its higher protein content, which was nearly 1.5 times as much as the content of the polysaccharide. In addition, *Klebsiella* sp. J1 cells were cultured and incubated in liquid medium containing some metallic elements (e.g. Mg, K). Thus, a part of mineral cations were bound to the EPS organic matter. However, our works in the past focused on synergetic effects of anionic polyacrylamide and EPS and competitive adsorption of heavy metals rather than adsorption mechanism assessment of EPS. The adsorption mechanism assessment would promote exploitation of highly efficient and cost-effective biosorbent and develop biosorption process towards a more profitable and economically viable process[@b23].

Therefore, this study aimed to investigate the utility of EPS extracted from *Klebsiella* sp. J1 to remove Pb (II) in low-level aqueous systems and systematically study the adsorption mechanisms of EPS with both qualitative and quantitative analysis approaches. Attempts have been made to understand the factors responsible for adsorption of Pb (II) to EPS. Isotherm, kinetic and thermodynamic parameters were also evaluated to describe the adsorption mechanism changed into processes. The interactions between biosorbent system and Pb (II) ions were investigated by qualitative analysis methods (i.e. Zeta potential, FT-IR and EDAX). According to mass balance of elements in liquid and solid phase before and after Pb (II) removals, the major mechanism was identified quantitatively and its contribution rate to adsorption was calculated.

Results and Discussion
======================

Removal of Pb (II) from synthetic solutions
-------------------------------------------

### Effect of the mass of EPS

The effect of EPS extracted from *Klebsiella* sp. J1 dosage on the retention of Pb (II) was studied using different mass in the range of 20--320 mg L^−1^ to treat 100 mL of 20 mg L^−1^ Pb (II) solution and the results were presented in [Fig. 1(a)](#f1){ref-type="fig"}. The removal efficiency of Pb (II) increased with increasing dose of EPS and reached a maximum (99.47%) at around 200 mg L^−1^ EPS. However, the removal efficiency decreased when the EPS concentration exceeded the optimal level. This result indicated a greater or less dose would be unfavorable for the removal of Pb (II) from synthetic solutions. Therefore, the optimum EPS dose was taken as 200 mg L^−1^ and this was used for all further studies. The positive correlation within a certain range between biosorbent dose and retention of Pb (II) can be related to the increasing available binding sites. However, if the mass of EPS exceeded the optimal level, a partial of EPS molecules would aggregate and form bridging bonds, which resulted in a decrease in effective surface area and sorption sites for Pb (II), leaving metal ions free[@b18]. It should be noted that although the minimum concentration of lead was 20 mg L^−1^ tested, the lower initial Pb (II) concentrations (i.e. 5, 10 and 15 mg L^−1^) also affected the amount of adsorbed lead and the result was presented in [Fig. S1](#S1){ref-type="supplementary-material"}. The result showed that the sorption capacity of Pb (II) increased with increasing initial Pb (II) concentration, which was due to higher availability of lead ions for the biosorption. Moreover, higher initial Pb (II) concentration provided increased driving force to overcome all mass transfer resistance of lead ions between the aqueous and solid phase[@b10]. This resulted in higher probability of collision between lead ions and EPS. This also leaded to higher metal Pb (II) uptake.

### Effect of pH

pH is an important controlling factor for both solution chemistry of metallic ions and functional groups characteristics of biosorbent. At the pH values of greater than 7, Pb (II) ions became precipitate as Pb(OH)~2~ due to increasing concentration of OH^−^ ions in the solution[@b10]. For this reason, the effect of the hydrogen ion concentration was conducted in the pH range of 1.0--6.0. Under these circumstances, Pb^2+^ and Pb(OH)^+^ were the dominant species[@b2]. As shown in [Fig. 1(b)](#f1){ref-type="fig"}, the adsorption capacity of EPS (EPS at 200 mg L^−1^) of *Klebsiella* sp. J1 for Pb (II) (concentration at 20 mg L^−1^) was positively correlated with elevated pH and reached the maximum value (99.47 mg g^−1^) at pH 6.0. It should be noted that the wastewater after its treatment was able to reach a level (i.e. 0.1 mg L^−1^) that satisfied the EPA standard for wastewater discharge. The zeta potential of EPS was measured as positive at the pH between 1.0 and 2.0 and the overall surface of EPS was negatively charged at the pH between 3.0 and 6.0. The minimum negative zeta potential value (zP = −13.82 mV) was observed at pH 6.0, which corresponded to the maximum adsorption capacity of EPS to Pb (II).

At low pH values, EPS surface was completely covered with hydrogen ions and the Pb (II) ions could not compete with them for adsorption sites[@b2]. At the same time, the activity of functional groups of EPS (e.g., hydroxyl and carboxyl) was affected by pH and this could be explained by the surface charge change on the functional groups of EPS[@b24]. At low pH values (pH 1--2), functional groups of EPS gained protons and the zeta potential of EPS was measured as positive. Increased positive charge (protons) density on functional groups of EPS at low pH values restricted the approach of positively charged Pb (II) as a result of repulsive force. However, the competition from the hydrogen ions decreased with the increasing pH, and more functional groups of EPS became negatively charged and electrostatic repulsion decreased, with subsequent attraction of metal cations and adsorption on the EPS surface. A similar theory was proposed in several earlier works for metal adsorption on different adsorbents[@b2][@b18][@b24].

A comparative study of the biosorption capacity for Pb (II) under similar conditions was carried out with other reported biosorbents ([Table 1](#t1){ref-type="table"}). The data revealed that the removal capacity of EPS extracted from *Klebsiella* sp. J1 for Pb (II) was higher than the majority of other biosorbents that have been mentioned except for the functionalized *Saccharomyces cerevisiae* cell. However, it required immobilization to enhance its stability and mechanical strength, which increased the complexity of the operation[@b25]. Therefore, it could be noteworthy that EPS extracted from *Klebsiella* sp. J1 was a potential biosorbent for the removal of solute Pb (II) ions.

### Biosorption isotherms

Equilibrium isotherms are important in the design of adsorption systems, which indicate surface properties and affinity of the biosorbent and how the metal ions are distributed between the biosorbent and liquid phases at equilibrium. Several empirical models such as Langmuir, Freundlich and Dubinin-Radushkevich models were used to characterize the adsorption equilibrium and the biosorption isotherm plots for the Pb (II) adsorption onto EPS of *Klebsiella* sp. J1 were presented in [Fig. 2](#f2){ref-type="fig"}. The plots for the Freundlich isotherm model were not shown because the coefficients of determination for this model were low (*R*^2^ \< 0.8) for the Pb (II) biosorption at the studied temperatures of 295.15--315.15 K. The parameters of three models for the biosorption of Pb (II) onto EPS were listed in [Table 2](#t2){ref-type="table"}.

It was observed that the adsorption behavior of Pb (II) ion onto EPS was characteristic to the Langmuir model (*R*^2^ \> 0.9) compared to the Freundlich model (*R*^2^ \< 0.8) under the concentration range studied. The Langmuir isotherm model suggested a monolayer sorption on homogeneous surface without interaction between adsorbed Pb (II) ions. Once the monolayer coverage was achieved, the sorption was no longer influenced significantly by the solute transport and a strong affinity of the solute on EPS at low concentration could be shown[@b2]. In addition, the Langmuir constants *q*~*m*~ and *b* exhibited decrease with a rise in temperature, indicating the exothermic nature of the process. The essential feature of the Langmuir isotherm can be expressed in terms of a dimensionless factor (separation factor *R*~*L*~), which is defined by equation (1):

where *C*~*0*~ (mg L^−1^) is the initial concentration of Pb (II) and *b* (L mg^−1^) is the Langmuir isotherm constant related to the heat of adsorption. The value of R~L~ indicates the adsorption system to be either unfavorable (*R*~*L*~ \> 1), linear (*R*~*L*~ = 1), irreversible (*R*~*L*~ = 0) or favorable (0 \< *R*~*L*~ \< 1)[@b26]. The values of R~L~ calculated at different temperatures were given in [Table 2](#t2){ref-type="table"} which confirmed a highly favorable uptake of Pb (II) in the adsorption process. The Dubinin-Radushkevich isotherm model was applied to distinguish the adsorption nature as physical or chemical. A value of *E* between 8 and 16 kJ mol^−1^ corresponds to adsorption by ion exchange, while a value of E lower than 8 kJ mol^−1^ corresponds to physical adsorption[@b24]. Accordingly, the numerical value of the mean free energy *E* at different temperatures (8.22 kJ mol^−1^, 8.57 kJ mol^−1^, 8.98 kJ mol^−1^) might correspond to a ion-exchange mechanism. Similar results were also obtained in the research of Cabuk *et al*.[@b10].

### Kinetic studies

Kinetic analysis is required to understand the rate of biosorption and the rate-limiting step of the transport mechanism. Pb (II) adsorption rate depended on residence time of the metal ion at the solid-solution interface and diffusion process. 100 mL of 20 mg L^−1^ Pb (II) solution with 320 mg L^−1^ EPS were agitated on a jar test apparatus. Samples were collected at definite time intervals (5 min to 70 min) and filtered. Residual metal concentration in the filtrates was analyzed by Inductively coupled plasma optical emission spectrometry and adsorption capacity *qt* (mg g^−1^) at any time *t* (h) were calculated. The pseudo-first order and pseudo-second order models were employed to evaluate the kinetic mechanism process and the results were shown in [Fig. 3(a,b)](#f3){ref-type="fig"}, respectively. The kinetic parameters for these two models were calculated and tabulated in [Table 3](#t3){ref-type="table"}.

The fitting of kinetic data in pseudo-second order expression showed excellent linearity with high correlation coefficient (*R*^2^ \> 0.99) over the temperature range studied. The calculated value of q~e~ from the first-order kinetics model was observed to be dramatically lower than the experimental value. Therefore, an analysis of the data implied that the adsorption of Pb (II) onto EPS of *Klebsiella* sp. J1 followed pseudo-second order kinetics. Some very recent investigations have shown that the kinetics of Pb (II) adsorption onto other EPS extracted from various bacteria (e.g. *Paenibacillus polymyxa*, *Rhodococcus erythropolis*) also followed pseudo-second order kineticsmodels[@b17][@b18]. In accordance with the pseudo second-order kinetics mechanism, the Pb (II) uptake process could be due to chemisorptions[@b27][@b28]. The pseudo-second order rate equation of Pb (II) adsorption onto EPS was expressed as a function of temperature (295.15 K, 305.15 and 315.15 K) by the Arrhenius equation(2):

Here *Ea* is the Arrhenius activation energy (kJ mol^−1^), *A* is the Arrhenius factor, *R* is the ideal gas constant, *T* is the solution temperature (K) and *k* is the rate constant (*k2*) of the pseudo-second order rate model. To estimate the Arrhenius activation energy, ln(*k*) versus *1/T* was plotted in [Fig. S2](#S1){ref-type="supplementary-material"}. The Arrhenius activation energy calculated from the slope was found to be 42.46 kJ mol^−1^. The physisorption process usually has energies in the range of 5--40 kJ mol^−1^ while the chemisorptions process has higher activation energy (40--800 kJ mol^−1^)[@b29]. This result confirmed that the nature of the adsorption process was chemisorption.

When the Pb (II) ion solution is mixed with the biosorbent, transport of the Pb (II) ions from the solution through the interface between the solution and the biosorbent and into the particle pores is effective[@b30]. Thus, predicting the rate-limiting step is another important factor to be considered in the sorption process. In the process of adsorption, there are essentially four consecutive stages by porous adsorbents[@b27]: 1) solute transfer from the bulk solution to the boundary film surrounding the particle, 2) diffusion from the boundary film to the exterior surface of the adsorbent, 3) solute diffusion from the surface into the pore of adsorbent and 4) solute sorption by physisorptions or chemisorptions. Providing sufficient agitation to avoid particle and solute gradients makes it possible to ignore the bulk diffusion. The last step is assumed to be rapid and considered to be negligible in the uptake of inorganic and organic compounds[@b30]. Thus, the intra-particle diffusion model and the liquid-film diffusion model were employed to distinguish between sorption controlled by intraparticle diffusion and film diffusion and the results were shown in Fig. 3(c,d)[@b31][@b32]. The plots *q*~*t*~ vs. *t*^0.5^ had lower regression coefficient of 0.76 at 295.15 K, 0.85 at 305.15 K and 0.86 at 315.15 K. Significantly, the plots did not have zero intercept (the intercept varies from 65 to 85). Thus, the plots did not fit intra-particle diffusion and it was not likely to be the controlling factor in kinetics process and large intercepts suggested that adsorption occurred mainly on the surface. The mechanism of the interactions might be governed by the slow transport of the metal ions from the liquid phase up to the biosorbent. Applying the liquid film diffusion model, it was observed that the plots were linear (*R*^*2*^: 0.87--0.92) with very small intercepts (0.6 to 2.1). Although the plots did not exactly pass through the origin, the small intercepts indicated that liquid film diffusion might have main role to play in the kinetics of biosorption of Pb (II) onto EPS.

The different kinetic models are important for indicating the possible mechanism of biosorption and identifying the rate-limiting step in the whole process. In the present case, the pseudo-second order model had the better fit with the experimental data. Therefore, it was likely that the nature of this process was chemisorption, and liquid-film diffusion might be the rate-limiting step in the kinetics of adsorption of Pb (II) onto EPS.

### Thermodynamics studies

The values of thermodynamic parameters are relevant for the practical application of adsorption process. The dependence of temperature on adsorption of Pb (II) onto EPS of *Klebsiella* sp. J1 was evaluated using Vant Hoff's equation. The variation in the extent of biosorption with respect to temperature had been explained based on thermodynamic parameters viz. Gibbs free energy change, enthalpy change and entropy change. The values of *ΔH*^*o*^ and *ΔS*^*o*^ were calculated from the intercept and slope of a plot of *ln k0* vs. *1/T*, shown in [Fig. S2](#S1){ref-type="supplementary-material"}. The thermodynamic parameter values were given in [Table 4](#t4){ref-type="table"}. The Gibbs free energy of Pb (II) adsorption onto EPS *ΔG*^*o*^ was −9.72, −9.94, and −10.26 kJ/mol for the temperature of 295.15, 305.15 and 315.15 K, respectively. It was found that the negative *ΔG*^*o*^ at all temperatures confirming the adsorption process was spontaneous in nature and thermodynamically favorable. In addition, it was demonstrated in [Fig. S3](#S1){ref-type="supplementary-material"} that adsorption decreased with increasing temperature. The overall adsorption process seemed to be exothermic (*ΔH*^*o*^ = −1.76 kJ/mol). This result also supported the results shown in [Table 3](#t3){ref-type="table"}. Finally, the positive values of *ΔS*^*o*^ (0.03 kJ mol^−1^ K^−1^) was not very large and showed increased randomness at the solid/solution interface during the sorption of Pb (II) and good affinity of Pb (II) towards EPS. Some researchers have indicated that the positive values of *ΔS°* reflected some structural changed in the sorbent[@b33][@b34].

### Mechanism of Pb (II) biosorption

An effort was attempted to identify the major mechanism of adsorption of Pb (II) onto EPS of *Klebsiella* sp. J1. The zeta potential of Pb (II) solution and the adsorption capacity during the process were shown in [Fig. S4](#S1){ref-type="supplementary-material"}. The adsorption capacity of Pb (II) first increased rapidly, then it increased steadily and reached adsorption equilibrium in 50 min. The zeta potential of Pb (II) solution was about 9.19 mV at pH 6. Although adding 200 mg L^−1^ electronegative EPS aroused a big change in the Zeta potential of system that it turned to be −4.15 mV rapidly, subsequent Zeta potential remained constant as adsorption capacity continued increasing. This result suggested that charge neutralization were not the main mechanisms of Pb (II) adsorption[@b17].

The FT-IR spectra of unloaded and Pb (II) loaded forms of biosorbent EPS in the range of 400--4000 cm^−1^ were taken ([Fig. S5](#S1){ref-type="supplementary-material"}) to identify the different functional groups in EPS that were responsible for Pb (II) sorption. The FT-IR spectrum of the original EPS showed several distinct and sharp absorptions at 3316 cm^−1^ (−OH or −NH~2~ groups), 2928 cm^−1^(C--H groups), 1653 cm^−1^ (C = O of protein bonds), 1535 cm^−1^ (N--H and C-N of amide groups), 1412 cm^−1^ (C = O of amide I) and at 1095 cm^−1^ (C-O-C and C-O of polysaccharide)[@b29]. The FT-IR spectra of EPS exposed to Pb (II) ions suggested no shifts or change in any of the characteristic absorbance bands with the exception of a peak shift at 3316 cm^−1^ and 1653 cm^−1^. This current results implied not only involvement of carboxyl groups in biosorption of Pb (II) ions, but also the possibility that biosorption could be taken place through an ion-exchange process rather than complexation.

Compared the typical EDAX spectra of the original EPS ([Fig. 4(a)](#f4){ref-type="fig"}) with the Pb(II) loaded EPS ([Fig. 4(b)](#f4){ref-type="fig"}), it was observed that the appearance of Pb (II) signal at about 2.2 keV and the disappearance of both K^+^ signal at about 3.4 keV and Mg^2+^ at about 1.2 keV after Pb (II) biosorption. These findings indicated ion-exchange mechanism played an important role in the biosorption process. For quantitative analysis in the search for further evidence on the major mechanism involved in the Pb (II) biosorption process, related element concentrations (K^+^, Mg^2+^ and Pb^2+^) in both the liquid and solid samples before and after Pb II) loading EPS were converted into molar equivalents as shown in [Table 5](#t5){ref-type="table"}. Positive and negative variations (±Δmequiv) in equivalents of related cations were also shown in order to infer changes in related cations involved during the mass transfer process occurring in both directions between the liquid and solid phases. Molar equivalents of both K^+^ and Mg^2+^ could be exchanged with Pb^2+^ molar equivalents in the process and the contribution rate of ion exchange to adsorption accounted for 85.72% (Δmequiv = −0.000541)[@b23]. Thus, according to the mass balance of elements participating in the biosorption process, ion-exchange was identified quantitatively as the major mechanism, which also be supported by the E-value obtained from Dubinin- Radushkevich isotherm.

In conclusion, laboratory-scale experiments suggested the EPS extracted from *Klebsiella* sp. J1 appeared as a potential and alternative biosorbent for the removal of Pb (II) from low concentrations aqueous medium. The maximum Pb (II) loading capacity of EPS was obtained as 99.5 mg g^−1^ at pH 6.0, which was better than the majority of other biosorbents, and the wastewater after its treatment was able to reach a level (0.1 mg L^−1^) that satisfied the EPA standard. The Langmuir and Dubinin-Radushkevich isotherms provided the better fit for the experimental data. Kinetic process was described best by a pseudo-second order model, while the liquid-film diffusion step might be the rate-limiting step. Based on both qualitative and quantitative analysis results, ion-exchange was identified as the major mechanism of adsorption Pb (II) by EPS. Molar equivalents of both K^+^ and Mg^2+^ could be exchanged with Pb^2+^ molar equivalents in the process and the contribution rate of ion exchange to adsorption accounted for 85.72% (Δmequiv = −0.000541).

Methods
=======

Preparation and Characteristics of EPS
--------------------------------------

EPS were extracted from *Klebsiella* sp. J1 (CGMCC No. 6243), which was obtained from activated sludge in municipal wastewater treatment plants[@b35].

*Klebsiella* sp. J1 cells were cultured and incubated in liquid medium using beef extract peptone medium at 30 °C for 24 h. Cells suspension of stock cultures was used as the seed medium. Four milliliter of inoculants was added into the 250 ml fermentation medium containing glucose 4.0 g, yeast extract 0.125 g, K~2~HPO~4~ 1.25 g, KH~2~PO~4~ 0.5 g, NaCl 0.025 g and MgSO~4~ 0.05 g. After cultivation at 30 °C for 24 h, centrifugation, ethanol extraction and dialysis, EPS dry powder was stored at 4 °C, and it would be dissolved in deionized water and utilized in the wastewater directly. EPS mainly composed of proteins, polysaccharides, a small quantity of nucleic acid and various metallic elements (e.g. Mg, K). Our previous research indicated the active constituents in EPS were proteins and polysaccharides, whose mass ratio was approximately 1.5, and proteins played a more important role compared with polysaccharides in the material's activity[@b21].

Batch biosorption procedure
---------------------------

The stock Pb (II) solution (200 mg L^−1^) was prepared by dissolving lead salts (Pb(NO~3~)~2~) in deionized water. The desired working solutions were obtained by appropriate dilution of the stock solutions with deionized water.

Batch biosorption experiments were performed for different biosorbent dosages (20--320 mg L^−1^) or pH (1.0--6.0) at a room temperature of 20 ± 2 °C on a jar test apparatus (ZR4-6, Mingbo Environmental Technology Co. Ltd., Qingdao, China), containing 100 mL of 20 mg L^−1^ Pb (II) solution. A predetermined amount of EPS extracted from *Klebsiella* sp. J1 (20--320 mg L^−1^)was dosed to 100 mL of 20 mg L^−1^ Pb (II) solution with pH 6.0. Each water sample was rapidly mixed at 160 rpm for 1.0 min and then slowly mixed at 40 rpm for 2 min and settled for 120 min. After sorption, a supernatant sample was withdrawn for filtration using 0.45 μm cellulose acetate filter membrane, and free EPS as well as Pb (II)- EPS were remained on the filter membrane[@b18]. In order to avoid the error result from Pb (II) ions loaded filter membranedue, the control group without EPS was operated. The effect of pH on the biosorption capacity of EPS for Pb (II) was investigated. The pH of each metal solution was adjusted to the required value by adding 1 mol L^−1^ HNO~3~ or 1 mol L^−1^ of NaOH at the beginning of the experiment and not controlled afterwards. Inductively coupled plasma optical emission spectrometry (ICP-OES; Optima 5300 DV, PE, USA) was used to determine the concentration of metal ions in the aqueous solution, and the detection limit of ICP-OES was 10 ug L^−1^. The removal percentage of metal ions and the equilibrium uptake of EPS (*q*~*e*~) were calculated as follows:

where *C*~*0*~ and *Ce* are the initial and equilibrium concentrations of metal solutions (mg L^−1^), *V* is the volume of the metal ions solution used (L), and *W* is the amount of EPS used (g)[@b2]. In this study, all experiments were performed in a batch setup with three replicates, and average values were reported. Standard deviations were found to be within ±1.3%. Error bars are not shown because of their smaller magnitude than that of the symbols used to plot the graphs.

Equilibrium and Kinetic experiments
-----------------------------------

Isotherm studies were conducted at different initial Pb (II) concentrations (5 mg L^−1^ to 50 mg L^−1^) and different temperatures (295.15, 305.15 and 315.15 K). Langmuir, Freundlich and Dubinin-Radushkevich models were used to determine the adsorption equilibrium[@b10]. Kinetic data were obtained at designated time points (5 min to 70 min) and different temperatures of 295.15, 305.15 and 315.15 K. The adsorption kinetic data were analysed using pseudo-first and pseudo-second order kinetic models, the intra-particle diffusion and the liquid film diffusion model[@b2]. Thermodynamics parameters were evaluated using Vant Hoff's equation at different temperatures of 295.15, 305.15 and 315.15 K[@b2]. The equations for these models and the methods of calculating the model parameters are presented in [Table 6](#t6){ref-type="table"}.

Biosorption mechanism analysis
------------------------------

The zeta potential, Fourier transform infrared spectroscopy (FT-IR), energy dispersive X-ray analysis (EDAX) were employed to examine the interactions between EPS and the Pb (II) ions. The zeta potential of the system in whole process was measured with a Zetameter equipment (3000 Hsa, Malvern Instruments Co. Ltd., England). EPS samples (before and after Pb (II) loading) were prepared for FTIR and EDAX analysis. EPS loading Pb (II) samples under the optimal experimental conditions were collected, followed by rinse to remove free Pb (II). Then EPS samples (before and after Pb (II) loading) were processed by vacuum freeze-drying. The FT-IR spectra of EPS samples (before and after Pb (II) loading) in the range of 400--4000 cm^−1^ were recorded in a FTIR spectrometer (Nexus 870, Thermo Nicolet, USA) using the KBr disc technique. Energy dispersive X-ray analysis (EDAX) was employed to examine the changes of the elements on EPS samples (before and after Pb (II) loading).

For quantitative analysis in the search for further evidence on the mechanism involved in the Pb (II) biosorption process, related element concentrations in both the liquid and solid samples before and after Pb (II) biosorption on EPS were converted into molar equivalents according to Eq. (5).

where *m*~*i*~ is the molar equivalents, *C*~*i*~ is the elemental concentrations (mg L^−1^), *δ* is the bulk biomass (g), *q*~*i*~ is the charge state of each cation, *A*~*i*~ is the relative atomic mass (mg mol^−1^)[@b23]. Positive and negative variations (±△mequiv) in equivalents of each cation were calculated in order to infer changes in all cations involved during the mass transfer process occurring in both directions between the liquid and solid phases.
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###### Comparison of Pb (II) sorption capacity of EPS of *Klebsiella* sp.

  Category                                 Biosorbent                  pH             Temperature (°C)     Uptake capacity(mg g^−1^)    Ref.
  -------------------------------- -------------------------- --------------------- --------------------- --------------------------- --------
  Bacteria species                     *Pistacia vera* L.              5.5           ambient temperature             43.4              [@b36]
  *Stenotrophomonas maltophilia*               7               ambient temperature          74.4                    [@b37]            
  *Saccharomyces cerevisiae*                   6                       25                   116.7                   [@b25]            
  *Amanita rubescens*                          5                       20                   38.4                    [@b24]            
  waste biomaterials                Solanum melongena leaves            5                    30                      55.5              [@b38]
  Olive tree pruning                           6               ambient temperature          23.3                     [@b8]            
  Dried aquatic plant                          6                       25                   86.9                    [@b39]            
  Chestnut bur                                 5               ambient temperature          74.3                     [@b5]            
  EPS                                EPS of *A. fumigates*              5                    25                      20.1              [@b40]
  MBFR10543                                    6               ambient temperature          81.2                    [@b18]            
  EPS of *Colletotrichum* sp.                  6                       30                   30.3                    [@b41]            
  EPS of *Klebsiella* sp. J1                   6               ambient temperature          99.5                   This work          

J1 with other reported biosorbents under similar conditions.

###### Langmuir, Freundlich and Dubinin-Radushkevich isotherm constants for the adsorption of Pb (II) onto EPS of *Klebsiella* sp. J1.

  Model                        Parameter        Tem. K           
  ---------------------- --------------------- -------- -------- --------
  Langmuir                *q*~*m*~ (mg g^−1^)   153.85   149.25   147.06
  *b*(L mg^−1^)                  0.05            0.05     0.05   
  *R*~*L*~                       0.27            0.28     0.29   
  *R*^*2*^                       0.92            0.92     0.92   
  Freundlich              *K*~*F*~ (mg g^−1^)   12.37    11.72    11.66
  *n*                            1.68            1.67     1.66   
  *R*^*2*^                       0.77            0.78     0.78   
  Dubinin-Radushkevich    *q*~*m*~ (mg g^−1^)   100.36   95.99    93.24
  *E* (kJ mol^−1^)               8.22            8.57     8.98   
  *R*^*2*^                       0.93            0.91     0.91   

###### Kinetic parameters of pseudo-first order and pseudo-second order expressions for Pb (II) adsorption onto EPS of *Klebsiella* sp. J1 at different temperatures.

  Tem. K    Pseudo-first order   Pseudo-second order                         
  -------- -------------------- --------------------- ------ ------ -------- ------
  295.15           0.07                 32.45          0.92   0.34   104.17   0.99
  305.15           0.03                 11.74          0.89   0.96   97.09    0.99
  315.15           0.03                 11.02          0.86   1.02   95.24    0.99

###### Thermodynamic parameters for the adsorption of Pb (II) onto EPS of *Klebsiella* sp. J1.

  Tem. K    ***−ΔG*^*o*^** (kJ mol^−1^)   ***ΔH*^*o*^** (kJ mol^−1^)   ***ΔS*^*o*^** (kJ mol^−1^K^−1^)
  -------- ----------------------------- ---------------------------- ---------------------------------
  295.15               9.72                                                            
  305.15               9.94                         −1.76                           0.03
  315.15               10.26                                                           

###### Molar equivalent balance for related elements detected in liquid and solid phases before and after biosoption processes.

  Related ions    Liquid phases   Solid Phases (EPS)                                    
  -------------- --------------- -------------------- ----------- ---------- ---------- -----------
  Pb^2+^            0.003810           0.000023        0.003787       0       0.003787   0.003787
  K^+^                  0              0.001831        0.001831    0.001831      0       −0.001831
  Mg^2+^                0              0.001415        0.001415    0.001415      0       −0.001415
  Total             0.003810           0.003269        −0.000541   0.003246   0.003787   0.000541

###### The models and equations used for the adsorption of Pb (II) by EPS of *Klebsiella* sp. J1.

                                             Model                                                                                                                                                                                                                             Equation                                                                                                                                                                                                                                                                                                                                 Model parameters
  ------------------------------- ---------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Adsorption isotherm                       Langmuir                                                                                                                                                                                                                                                                                                                                                                                                                                                       *q*~*e*~ = equilibrium capacity of Pb (II) adsorbed onto EPS (mg g^−1^), *C*~*e*~ = equilibrium concentration of Pb (II) solution (mg L^−1^), *q*~*m*~ = maximum adsorption capacity (mg g^−1^), and *b* = energy of adsorption (L mg^−1^);
  Freundlich                                                                                                                                                    *q*~*e*~  = equilibrium capacity of Pb (II) adsorbed onto EPS (mg g^−1^), *C*~*e*~ = equilibrium concentration of Pb (II) solution (mg L^−1^), *K*~*F*~ = Freundlich constants (mg g^−1^), *n* = adsorption intensity of the adsorbent;                                                                                                  
  Dubinin-Radushkevich                                          *q*~*e*~ = equilibrium capacity of Pb (II) adsorbed onto EPS (mg g^−1^), *q*~*m*~ = maximum adsorption capacity (mg g^−1^), *k* = energy of adsorption (mol^2^ kJ^−2^), *ε* is the Polanyi potential = *RT ln*(*1 + 1/Ce*), *R* = gas constant (kJ K^−1^ mol^−1^), *T* = temperature (K), *C*~*e*~ = equilibrium concentration of Pb (II) solution (mg L^−1^). *E* is the mean free energy of adsorption = (*2k*)^*−0.5*^ (kJ mol^−1^).  
  Adsorption kinetics              Pseudo-first order kinetic                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       *q*~*e*~ = equilibrium adsorption capacity (mg g^−1^), *q*~*t*~ = adsorption (mg g^−1^) at any time t (h), *k*~*1*~ = first-order rate constant (h^−1^);
  Pseudo-second order kinetic                                                                                                                                                                   *q*~*e*~ = equilibrium adsorption capacity (mg g^−1^), *q*~*t*~ = adsorption (mg g^−1^) at any time t (h), *k*~*2*~ = the second-order rate constant (mg g^−1^ h^−1^);                                                                                                                                   
  Intra-particle diffusion                                                                                                                                                                                             *q*~*t*~ = adsorption (mg g^−1^) at any time t (h), *k*~*i*~ = intra-particle diffusion rate constant (mg g^−1^ h^−0.5^);                                                                                                                                                         
  Liquid film diffusion                                                                                                                                                                                                              *F* = fractional attainment of adsorption equilibrium; *k*~*fd*~ =  adsorption rate constant.                                                                                                                                                                       
  **Adsorption thermodynamics**       Vant Hoff's equation                                                                                                                                                                                                                                                                                                                                                                                                                                                *ΔG*^*o*^ = Gibbs free energy change (kJ mol^−1^), *R* = the gas constant (J mol^−1^ K^−1^), *T* = temperature (K), *k0* = the equilibrium constant, *ΔH*^*o*^ = enthalpy change (kJ mol^−1^), *ΔS*^*o*^ = entropy change (kJ mol^−1^ K^−1^).
